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Thymocyte Glucocorticoid Resistance Alters
Positive Selection and Inhibits Autoimmunity
and Lymphoproliferative Disease in MRL-lpr/lpr Mice
from, or induction of, death is controversial. One possi-
bility is that positively selecting peptides are qualita-
tively different (antagonists or partialagonists) from ago-
nist peptide ligands, which can induce only negative
selection (Hogquist et al., 1995). However, some studies
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have shown that low concentrations of agonist peptidesBethesda, Maryland 20892±1152
can also promote positive selection (Sebzda et al.,1994).
The use of independent signaling pathways for positive
and negative selection has been proposed based on
Summary the finding that thymocyte maturation, but not deletion,
is impaired in transgenic mice in which the mitogen-
Thymus-derived glucocorticoids antagonize T cell re- activated protein kinase cascade has been disrupted
ceptor (TCR)±induced thymocyte apoptosis, allowing (Alberola-Ila et al., 1996). A role for costimulatory mole-
the survival (positive selection) of cells bearing TCRs cules in thymic selection has also been suggested by
that recognize self antigens with low-to-moderate several studies (Punt et al., 1994; Foy et al., 1995; Ama-
avidity. Here we demonstrate that expression of an kawa et al., 1996). The presence of B7-1 exclusively in
antisenseglucocorticoid receptor transgene in thymo- the thymic medulla and of B7-1 and intercellular adhe-
cytes of spontaneously autoimmune MRL-lpr/lpr mice sion molecule-1 (ICAM-1) in the medulla and the cortex
causes the loss of specific TCR Vb-bearing T cells that prompted the analysis of these molecules in thymocyte
are normally positively selected in this strain. These maturation (Kishimoto et al., 1996). Using MHC class
transgenic mice had lower autoantibody production I±transfected Drosophila -derived cells to present anti-
and milder symptoms of autoimmune disease than gen, it was found that coexpression of both molecules
MRL-lpr/lpr controls and had markedly reduced accu- caused thymocyte deletion, while expression of ICAM-1
mulation of the TCR1Thy-11CD42CD82B2201 T cells alone promoted positive selection.
that are the hallmark of the lpr mutation. Thus, de- We have proposed an alternative model that holds
creased glucocorticoid signaling in thymocytes alters that cross-talk between the TCR and the glucocorticoid
the T cell repertoire and greatly diminishes autoimmu- receptor (GR) participates in the selection of thymocytes.
nity in MRL-lpr/lpr autoimmune mice. Although engagement of the TCR or the GR in T cell
hybridomas and thymocytes potently induces apoptosis
(Cohen and Duke, 1984), the simultaneous occupancy
of these receptors actually prevents apoptosis (Zachar-Introduction
chuk et al., 1990; Iwata et al., 1991; Zacharchuk and
Ashwell, 1992). The ªmutual antagonismº model of thy-Developing T cells either die or survive and differentiate
mocyte selection holds that occupancy of even low- toin the thymus, their fate being based largely upon the
moderate-avidity TCRs leads to double-positive thymo-specificity of the T cell antigen receptor (TCR) they ex-
cyte apoptosis, but that this is prevented by glucocorti-press (Sprent et al., 1988). It is generally thought that
coids. Several lines of evidence support such a possibil-CD41CD81 (double-positive) thymocytes expressing re-
ity. First, thymic epithelial cells produce steroids, theceptors with subthreshold avidity for the combination
highest levels being detectable during fetal and postna-of self antigen and major histocompatibility complex
tal development (Vacchio et al.,1994). Second, inhibition(MHC)±encoded molecules (antigen/MHC) die in the thy-
of glucocorticoid biosynthesis in thymic organ culturemus, a process that has beentermed ªdeath by neglect.º
causes immature thymocytes to become exquisitelyIn contrast, thymocytes bearing TCRs with ªlow-to-
sensitive to TCR-mediated deletion, a phenomenon thatmoderateº avidity for self antigen/MHC are rescued from
is reversed by the addition of physiologic levels of corti-this default death pathway and differentiate into
costerone (Vacchio et al., 1994). Moreover, using anCD41CD82 or CD42CD81 (single-positive) cells that em-
antigen-specific TCR ab transgenic model, we have re-igrate to the periphery (positive selection). Finally, those
cently shown that inhibition of thymic glucocorticoidthymocytes with TCRs with high avidity for self antigen/
biosynthesis causes theapoptotic death of double-posi-MHC are triggered to undergo apoptosis (negative se-
tive thymocytes that would otherwise have undergonelection). These processes determine to a large extent
positive selection (i.e., have low-to-moderate avidity forthe range of antigens to which mature peripheral T cells
self antigen/MHC) (Vacchio and Ashwell, 1997). Impor-can respond (the antigen-specific repertoire).
tantly, inhibition of glucocorticoid synthesis did notAlthough it is clear that the specificity of the TCR has
cause the deletion of thymocytes bearing this TCR aba profound influence on thymocyte fate, the mechanism
transgene that developed in the presence of a nonse-by which signaling via the TCR results in either rescue
lecting MHC haplotype, demonstrating that the effect
of glucocorticoids on T cell development depends on
the antigen specificity of the TCR.*To whom correspondence should be addressed (e-mail: jda@
To test further of the role of glucocorticoids in thymo-j-box.nih.gov).
cyte development, transgenic mice (GR-TKO) were pro-²Present address: University of Pennsylvania School of Medicine,
Philadelphia, Pennsylvania 19104. duced in which GR antisense transcripts were made
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Figure 1. Decreased Accumulation of DN T
Cells in lpr.TKO Mice
(A) Lymph node cells from five to eight fe-
male mice at 7, 15, and 22 weeks of age were
isolated, counted, and stained with anti-CD4-
PE, anti-CD82biotin, and anti-TCR-FITC fol-
lowed by avidin-cychrome before flow cy-
tometry analysis. Results are expressed as
the means 6 SEM of the total number of cells
per lymph node, the number of CD41 1 CD81
cells per lymph node, and the number of DN
T cells (CD31CD42CD82) per lymph node in
MRL non-lpr, lpr, or lpr.TKO mice. Differences
among the groups were tested for statistical
significance using unpaired t tests.
(B) Lymph node cells from 22-week-old fe-
male lpr and lpr.TKO mice were stained as
noted above with the indicated antibodies
and analyzed by flow cytometry. Only TCR1
cells were used to generate the CD4 versus
CD8 profiles shown. Representative profiles
of individual mice are shown.
under the control of the lck proximal promoter (King et antigen-specific repertoire in these animals to be al-
tered. That is, T cells having TCRs with relatively highal., 1995). It is noteworthy that genes driven by this
promoter are expressed at high levels in immature thy- avidity for self antigen/MHC, but less than the threshold
that would normally trigger deletion, would benegativelymocytes but at low levels if at all in mature peripheral
T cells (Garvin et al., 1990). GR expression in the thymus selected, resulting in a ªcontractionº of the repertoire.To
address this issue, use was made of the spontaneously(but not in peripheral T cells) of mice homozygous for
the antisense transgene was decreased approximately autoimmune strain MRL-lpr/lpr (referred to as lpr). lpr
mice provide a model of spontaneous autoimmune dis-50%, and the double-positive thymocytes were hypore-
sponsive to exogenously added glucocorticoids. Thy- ease that resembles human systemic lupus erythemato-
sus, with autoantibodies, immune complex±mediatedmocyte number was reduced approximately 10-fold
because of a decrease in double-positive and single- glomerulonephritis and arthritis, and a high incidence
of mortality by 5 months of age (Theofilopoulos andpositive cells (CD42CD82 thymocytes were present in
normal numbers), and an increased levelof spontaneous Dixon, 1985; Cohen and Eisenberg, 1991). In addition,
because of a defect in the fas gene that results in in-apoptosis was found in freshly prepared thymocytes.
As with cultured fetal thymi in which corticosteroid pro- efficient apoptosis of activated T cells, these animals
develop progressive lymphadenopathy due to the accu-duction was inhibited, the double-positive thymocytes
were exquisitely sensitive to anti-TCR±mediated de- mulation of T cells with an unusual cell surface pheno-
type (TCR1Thy-11CD42CD82B2201) (Watanabe-Fuku-letion.
If the reduced sensitivity to glucocorticoids resulted naga et al., 1992). Several groups of investigators have
shown that ªrestrictingº theT cell antigen-specific reper-in the deletionof thymocytesbearing TCRs with ªmoder-
ateº avidity for self antigen/MHC, one would expect the toire in these animals by introducing TCR a and/or b
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Results
lpr.TKO Mice Have Markedly Reduced
TCR1Thy-11CD42CD82B2201 T Cells
and Lymphadenopathy
To assess the effects of reducing thymocyte sensitivity
to glucocorticoids on autoimmunity, GR-TKO mice were
backcrossed onto the MRL-lpr/lpr background for six
generations, at which time the mice were selected for
those that did (lpr.TKO) or did not (lpr) express the GR
antisense transgene. The number and phenotype of
cells in lymph nodes of lpr and lpr.TKO, as well as ofFigure 2. lpr.TKO mice Have Reduced Lymphadenopathy
MRL non-lpr mice, were determined at 7, 15, and 22
Inguinal, cervical, and axillary lymphnodes, spleens, and thymi were
weeks of age (Figure 1A). Despite an approximately 90%harvested from MRL non-lpr, lpr, lpr.TKO1/2, and lpr.TKO1/1 mice
reduction in thymocyte number in mice homozygous forat 22 weeks of age and weighed. Results are expressed as the
means 6 SEM of the weight in grams of the total lymphoid mass the GR antisense transgene (King et al., 1995), lpr.TKO
per mouse; 45 males and 39 females were analyzed. Differences have relatively normal numbers of CD41CD82 and
among the groups were tested for statistical significance using un-
CD42CD81 peripheral T cells (lpr.TKO mice have 1.7 3paired t tests.
106/node at 7 weeks of age compared to 2.1 3 106/node
in non-lpr mice). The most striking phenotypic feature
of the MRL-lpr/lpr strain is massive lymphadenopathy
due to the accumulation of TCR1Thy-11CD42CD82transgenes leads to decreased disease (Mountz et al.,
B2201 cells (double-negative [DN] T cells). At 15 weeks1990; Peng et al., 1996; Perkins et al., 1996), making
of age, the number of DN T cells in the lymph nodes ofthis an attractive model in which to study the immune
female lpr mice was 65 3 106/node, and by 22 weekseffects of diminished thymocyte sensitivity to glucocor-
of age was approximately 100 3 106/node. In contrast,ticoids. We find that although lpr mice transgenic for
lpr mice expressing the GR antisense transgene in theantisense GR (lpr.TKO mice) have nearly normal num-
thymus had many fewer DN T cells, 8.5 3 106/nodebers of peripheral T cells that respond normally to TCR-
at 15 weeks and 15 3 106/node at 22 weeks of age.mediated activation, they have a marked reduction in
Representative flow cytometry profiles of female lpr andautoimmune and lymphoproliferative disease compared
lpr.TKO mice at 22 weeks of age are shown in Figureto nontransgenic lpr mice. Moreover, the peripheral T
1B. Although, as expected (Theofilopoulos and Dixon,cells in these animals have altered TCR usage, with a
1985), the degree to which DN T cells accumulated inreduction in the TCRs bearing Vbs that are positively
male lpr mice was less than in female mice, the relativeselected in mice with the H-2k haplotype. Thus, thymo-
differences between male lpr and lpr.TKO mice werecyte resistance to glucocorticoids alters the peripheral
similar (data not shown).T cell antigen-specific repertoire and reduces autoim-
munity and lymphoproliferation in lpr mice. The combined weight of detectable lymph nodes (in
Figure 3. lpr.TKO Mice Respond Normally to TCR and Mitogenic Stimulation and Have a Normal Allogeneic Response
Purified lymph node T cells from 7-week-old lpr and lpr.TKO mice were cultured in the presence of (A) soluble 2C11 at the indicated
concentrations, (B) irradiated splenocytes from B10.D2 (H-2d) allogeneic mice, or (C) ConA (2.5 mg/ml) or PMA (10 ng/ml) plus ionomycin (iono,
1 mg/ml). Proliferation was measured on day 3 for all stimuli except for the allogeneic mixed lymphocyte reaction, for which proliferation was
assessed on day 4. The results represent the mean of triplicate cultures of individual experimental animals (A and B) or the average of two
mice (C). Similar results were obtained in more than five (A and C) and three (B) independent experiments. The standard errors in (A) were
less than 10% of the mean.
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Figure 5. Decreased Production of Anti-dsDNA Autoantibodies by
Figure 4. Activated T Cells from lpr and lpr.TKO Mice Do Not Die lpr.TKO Mice
upon Restimulation Sera from 10- and 20-week-old lpr.TKO, lpr, and MRL non-lpr con-
Two-day old blasts from MRL non-lpr, lpr, and lpr.TKO mice were trols were quantitated by ELISA for the presence of anti-dsDNA
plated in the absence or presence of bound anti-CD3 antibody, and IgG autoantibodies. Results are shown as the geometric means 6
the percentage of cell death was assessed by staining with annexin geometric SEM. Differences among the groups were tested for sta-
V after 16 hr of culture. One representative experiment of four is tistical significance using unpaired t tests.
shown.
lpr.TKO mice were also resistant to activation-inducedmost cases ten lymph nodes per mouse, including cervi-
apoptosis (Figure 4), demonstrating that expression ofcal, axillary, and inguinal lymph nodes), spleen, and thy-
the GR antisense transgene during thymic developmentmus of more than 80 mice was determined (Figure 2).
had no effect on this process. Therefore, peripheral TAs expected, at 22 weeks of age the lymphoid mass of
cells from mice expressing GR antisense transcripts inthe lpr female mice was enormously increased (242fold)
the thymus respond normally to TCR-mediated andcompared to that of MRL non-lpr mice. In contrast,
other mitogenic stimuli with regard to proliferation andlpr.TKO females, which express the GR antisense trans-
death.gene, had a much smaller increase (approximately
6-fold) compared to MRL non-lpr females. The same
phenomenon was observed in male mice, but because Decreased Production of Anti-dsDNA Autoantibodies
and Renal Pathology in lpr.TKO Micemales develop milder signs of disease, the differences
were not as pronounced as in females. A gene dosage A characteristic manifestation of autoimmunity in lpr
mice is the production of high titers of autoantibodieseffect was noted, since the lymphoid mass of mice het-
erozygous for the antisense GR transgene (lpr.TKO1/2) that ultimately lead toglomerulonephritis, vasculitis, and
death. Anti±double-stranded DNA (anti-dsDNA) autoan-was between that of lpr and lpr.TKO1/1 mice.
tibodies have been closely associated with manifesta-
tions of end-organ damage in MRL-lpr/lpr mice andPeripheral T Lymphocytes in lpr.TKO Mice Respond
Normally to Mitogenic Stimulation therefore are particularly useful as a marker of the extent
of autoimmunity (Theofilopoulos and Dixon, 1985). ToDN T cells that accumulate in the lymph nodes of lpr
mice are generated from autoreactive T cells that are establish the severity of autoimmune disease in lpr.TKO
mice, anti-dsDNA antibodies were quantitated (Figureunable to undergo apoptosis after activation (Zhou et
al., 1993; Balomenos et al., 1997). Thus, the decrease 5). Unlike MRL non-lpr mice, at 10 weeks of age almost
all of the lpr mice had high titers of circulating anti-that was observed in the accumulation of DN T cells of
lpr.TKO mice could reflect a decrease in the frequency of dsDNA antibodies. In contrast, lpr.TKO mice had much
lower titers of anti-dsDNA autoantibodies, with levelsautoimmune cells. Alternatively, autoimmune cells could
still exist but be unresponsive to antigenic stimulation. similar to those of the MRL non-lpr mice. The levels of
dsDNA autoantibodies increased with age in all groups,To determine whether the peripheral T cells in lpr.TKO
mice could respond to TCR-mediated stimuli, purified but even at 20 weeks of age there was an approximately
50-fold lower level of anti-dsDNA antibodies in lpr.TKOT cells from lymph node of 7-week-old lpr.TKO and lpr
mice, which at this age have few DN T cells (Figure mice compared to lpr controls. Levels of another sero-
logical marker of autoimmune disease, rheumatoid fac-1), were tested. As shown in Figure 3, the proliferative
responses of purified normal T cells from lpr and lpr.TKO tor (Izui et al., 1993), were also found to be significantly
lower (p , 0.01) in lpr.TKO mice at 18±20 weeks of agemice to activation by anti-CD3, allogeneic spleen cells,
concanavalin A (ConA), or phorbol myristate acetate (relative index of 6.7 6 5.6, n 5 11) compared to lpr
mice (84.7 6 34.9, n 5 6).(PMA) plus ionomycin were indistinguishable. Activa-
tion-induced apoptosis of activated T cells is largely Renal histopathology was assessed to evaluate tissue
evidence of autoimmune disease. At 8±10 weeks of age,dependent on ligation of Fas and is therefore defective
in Fas2 lpr mice (Singer and Abbas, 1994). T cells from all lpr mice had substantial evidence of renal pathology,
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Table 1. Renal Pathology in lpr and lpr.TKO Mice
Lymphocytic Infiltration
Glomerular-Thickened Glomeruli-Increased Hyperplasia
Mouse Mesangium Cellularity Bowman's Capsule Perivascular Pelvis
lpr
1 1 2 2 11 11
2 1 2 2 11 11
3 1 1 1 11 2
4 2 2 2 11 11
4 2 2 2 11 11
5 1 1 1 1 11
6 1 1 1 11 11
7 1 11 11 1 2
8 11 11 2 1 1
lpr.TKO
1 2 2 2 11 2
2 2 2 2 2 2
3 2 2 2 2 1
4 2 1 2 2 2
5 2 2 2 2 2
Kidneys from lpr and lpr.TKO female mice at age 8±10 weeks were fixed in Bouin's solution, sectioned, mounted on slides, and stained with
hematoxylin and eosin. Slides were examined by light microscopy and scored in a double-blinded fashion.
2, no abnormality; 1, pathology, with a maximal possible score of four.
with lymphocytic infiltration and glomerular changes in immature thymocytes resulted in a statistically signifi-
cant reduction in the number of these cells (Vb2,(Table 1). In contrast, all of the lpr.TKO mice exhibited
12.2% 6 0.3% in lpr and 7.2% 6 0.5% in lpr.TKO, P ,little or no histological evidence of renal disease. Fur-
0.0001; Vb6, 15.1% 6 0.2% in lpr and 10.2% 6 0.6% inthermore, vasculitis of the skin, as evidenced by ery-
lpr.TKO, P , 0.0001; Vb14, 7.9% 6 0.3% in lpr and 6.1%thematous rashes and destruction of the outer ear, was
6 0.5%, P 5 0.03). CD41 cells expressing Vb4 and Vb10frequently observed in lpr mice but not in lpr.TKO ani-
are positively selected on H-2k (Table 2). Correspond-mals. In accordance with this evidence of decreased
ingly, there was a decrease in numbers of CD41Vb41autoimmune disease, lpr.TKO mice were much healthier
cells in lpr.TKO mice (Vb4, 8.5% 6 0.2% in lpr and 6.2%than their lpr counterparts. A cohort of lpr.TKO mice
6 0.4% in lpr.TKO, P 5 0.0006; Vb10, 9.7% 6 0.3% in(n 5 43) had a 93% survival rate at 5 months of age
lpr and 7.1% 6 0.3 in lpr.TKO, P , 0.0001).compared to a survival rate of only 53% for the lpr
Importantly, in each instance, the number of Vb1 cellscontrols (n 5 15), the latter value being similar to pre-
bearing the coreceptor (CD4 or CD8) that is not on cellsviously published data (Theofilopoulos and Dixon, 1985).
positively selected by H-2k did not decrease in lpr.TKOThus, lpr.TKO mice had lower autoantibody production
mice, and in four of five cases (Vb4, Vb6, Vb10, and Vb14)and much milder autoimmune tissue damage compared
actually manifested small but consistent compensatoryto their lpr counterparts.
increases in their fractional representation in the periph-
eral T cell population. Vb51 T cells are deleted in I-E1Vb-Dependent Positive Selection Is Reduced
mice bearing the Mtv-9±encoded superantigen (as thein lpr.TKO Mice
MRL mouse strain does) (Woodland et al., 1990). WeThe decrease in autoimmune disease and lymphade-
found that the percentages of Vb51 T cells are slightlynopathy in the presence of normal peripheral T cell num-
but consistently overrepresented in lpr.TKO mice (CD41
bers and responsiveness was consistent with an alter-
cells: 0.7% 6 0.1% in lpr vs. 1.3% 6 0.2% in lpr.TKO
ation of the peripheral T cell repertoire, as has been
mice; CD81 cells: 0.4% 6 0.1% in lpr vs. 1.1% 6 0.2%
demonstrated in studies using TCR transgenic animals in lpr.TKO mice). Since T cells with TCRs bearing this
(Mountz et al., 1990; Peng et al., 1996; Perkins et al., Vb are efficiently deleted in H-2k mice, it is likely that
1996). To determine whether this was the case, TCR Vb these small increases in fractional representation are
usage by CD41 and CD81 T cells from young (6±8 weeks simply compensatory. Virtually identical results wereob-
old) lpr and lpr.TKO mice were analyzed. A number of tained when T cells from older (18- to 20-week-old) lpr
Vbs have been shown to be positively selected in mice and lpr.TKO mice were analyzed (Figure 6B).
of the H-2k haplotype (the haplotype of MRL mice and In addition to our analysis of peripheral T cells, we
of the lpr and lpr.TKO animals used in this study) (Table examined TCR Vb use by single-positive thymocytes
2), and haplotype-specific Vb use by T cell subsets is and found very similar decreases in lpr.TKO and lpr mice
not affected by the lpr defect (Herron et al., 1993). In in the use of TCR Vbs that are positively selected on
every case examined, lpr.TKO mice had statistically sig- H-2k. For example, for Vb2, the decrease was 10.7% of
nificantly reduced numbers of T cells expressing Vbs CD42CD81 thymocytes in lpr and 7.9% in lpr.TKO; Vb14,
for which positive selection on H-2k has been described 7.1% of CD42CD81 thymocytes in lpr and 5.2%; Vb4,
(Figure 6). For example, CD81 cells expressing Vb2, Vb6, 7.0% of CD41CD82 thymocytes in lpr and 5.8% in
and Vb14 are all positively selected on H-2k (Table 2). lpr.TKO; Vb10, 8.9% of CD41CD82 thymocytes in lpr
and 6.2% in lpr.TKO mice.In each case, expression of the GR antisense transgene
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Table 2. Vb-Dependent Positive Selection in H-2k Mice
Positive Selection in H-2k CD41 (%) CD81 (%)
CD4 CD8 H-2k Others H-2k Others
Vb2 2 1a 6.4±7.8 5.7±9.4 12.2±14.5 4.8±7.7
Vb4 1b 2 8.0±9.1 5.5±6.5 2.7±3.1 3.0±4.0
Vb5 deletionc Ð Ð Ð Ð
Vb6 2d±f 1e 7.2±12.0 7.5±10.0 13.0±17.0 7.0±10.4
Vb10 1g 2 6.7±8.6 3.8±5.2 3.0±3.9 4.0±5.0
Vb14 2 1h 5.5±7.5 7.5±9.9 8.1±9.7 2.8±4.2
a Tomonari, 1992; b Tomonari et al., 1993; c Woodland et al., 1990; d MacDonald et al., 1988; e Tomonari and Fairchild, 1992; f Herron et al.,
1993; g Tomonari et al., 1992; h Liao et al., 1989.
Discussion small numbers in normal mice (Crispe, 1994), is thought
to originate from the population of positively selected
thymocytes that have an avidity for self antigen/MHCMice homozygous for the lpr mutation, a disruption of
the fas gene, develop progressive lymphadenopathy that is just below the threshold for negative selection
(Kotzin et al., 1988; Singer et al., 1989; Budd and Mixter,and systemic autoimmune disease (Nagata and Suda,
1995). Even though the lymphadenopathy reflects an 1995). Although their antigen specificity is unknown, it
is likely that these cells react with (auto)antigens, prolif-increase in the number of all lymphocyte lineages, the
most dramatic accumulation is that of an unusual T cell erate, and accumulate in lpr mice because of the lack
of Fas-mediated apoptosis (Bossu et al., 1993; Russellsubset that expresses the TCR, Thy-1, and B220 (an
isoform of CD45 normally found predominantly on B et al., 1993). Although originally thought to be mostly
noncycling (Raveche et al., 1982) and refractory to TCRcells) and does not express CD4 or CD8 (Davidson et
al., 1986). This unusual subset, which is also found in or mitogenic stimulation (Sy et al., 1988; Altman, 1994),
Figure 6. Positive Selection of Specific TCR Vb Cells Is Reduced in lpr.TKO Mice
Tail blood from 6- to 8-week-old (A) and 18- to 20-week-old (B) mice was analyzed by three-color fluorescence for the expression of CD4,
CD8, and the indicated Vbs. After gating on CD4 or CD8 cells, the percentage of Vb1 cells was determined. Results are expressed as means 6
SEM of the percentage of CD41 or CD81 in lpr or lpr.TKO mice. Ten and 5 lpr and 15 and 8 lpr.TKO mice per Vb were analyzed at the younger
and older ages, respectively. Differences amongst the groups were tested for statistical significance using unpaired t tests.
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recent in vivo studies have shown that these cells cycle by targeted homologous recombination were crossed
with mice transgenic for a TCR specific for pigeon cyto-in lymph nodes, especially in young mice, before reach-
ing a resting state, and that their proliferation depends chrome c (AND mice) (Peng et al., 1996). These animals,
in which the only TCR that could be expressed had toon p59fyn (Balomenos et al., 1997). Little is known about
their function, but they contribute to the lupus-like dis- contain the transgenic a and b chains, had significantly
reduced levels of autoantibodies and developed no his-ease of lpr mice (Balomenos et al., 1997), and cells of this
phenotype have been shown to support autoantibody tologic evidence of end-organ disease or lymphadenop-
athy compared to TCR ab1 nontransgenic controls.production in human systemic lupus erythematosus
(Shivakumar et al., 1989). The mice we used to study the effects of corticoste-
roids on T cell development express an antisense con-MRL mice that lack the lpr gene defect spontaneously
develop autoantibodies and die at about 2 yr of age but struct to the GR that is driven by the proximal lck pro-
moter and is therefore expressed in thymocytes but notdo not exhibit lymphoproliferation (reviewed by Nagata
and Suda, 1995). Introduction of the lpr defect into this peripheral T cells (King et al., 1995). GR levels in these
animals were decreased in the thymus but not in thestrain results in particularly severe lymphoproliferation
and autoimmune renal disease (reviewed by Theofilo- periphery, and CD41CD81 thymocytes were hypore-
sponsive to the effects of glucocorticoids. In agreementpoulos and Dixon, 1985; Cohen and Eisenberg, 1991).
While the lpr defect causes autoantibody production with studies using inhibitors to prevent corticosterone
production by the thymic epithelium, CD41CD81 cellsand lymphoproliferation in other mouse strains as well,
they typically do not develop arthritis or glomerulone- from these mice were exquisitely sensitive to the apo-
ptotic effects of exogenous glucocorticoids. Interest-phritis (Warren et al., 1984; Kelley and Roths, 1985).
Autoreactive cell lines can be derived from lymph node ingly, despite an approximately 90% reduction in thymo-
cyte number, mice homozygous for the antisensecells from MRL non-lpr and MRL-lpr/lpr mice, but not
from C57BL/6-lpr/lpr mice (Cohen et al., 1986). There- transgene have relatively normal T cell numbers, with
the number of mature CD41 and CD81 lymph node Tfore, the autoimmune phenotype of the MRL mouse
synergizes with the defect in fas in causing systemic cells in lpr.TKO mice being greater than 80% of the
number in nontransgenic controls at 7 weeks of age.autoimmune disease and accumulation of DN T cells.
This process is exacerbated in autoimmune-prone MRL The pool of peripheral lymphocytes is tightly regulated
by unknown homeostatic mechanisms that control Tmice, in which there is a relatively high frequency of T
cells that can be activated by autoantigens (Weston et cell number and CD4/CD8 ratios independently of export
of cells from the thymus (Rocha et al., 1989; Kelly et al.,al., 1988).
The current study was designed to ask whether inter- 1993). The presence of functionally normal peripheral T
cells in lpr.TKO mice has allowed us to ask how de-ference with thymocyte responsiveness to glucocorti-
coids would result in impaired positive selection and creased sensitivity to corticosteroids during thymocyte
development might affect the peripheral repertoire, andthus restrict the antigen-specific T cell repertoire. A
number of groups have used the lpr mouse model to whether the expected loss of thymocytes bearing TCRs
with relatively high avidity for self antigen/MHC (thoughdemonstrate that ªnarrowingº the antigen-specific rep-
ertoire does affect autoimmunity and lymphadenopathy. not sufficient to cause deletion in the presence of gluco-
corticoids) might ameliorate autoimmune disease. InThe approach has been to introduce TCR a and/or b
transgenes into lpr mice in an attempt to ªfixº the reper- fact, we found that expression of the antisense GR
transgene in the thymus of MRL-lpr/lpr mice improvedtoire so that peripheral T cells could not recognize au-
toantigens. One study found that introduction of a autoimmune disease and markedly inhibited the accu-
mulation of DN T cells. This was not due to any defecttransgenic TCR specific for the male antigen H-Y plus
H-2Db into the MRL (H-2Dk)±lpr/lpr background resulted in the response of peripheral T cells to TCR-mediated
mitogenic stimuli. Furthermore, as expected given thatin the elimination of lymphadenopathy, although there
was no apparent decrease in autoimmunity (Mountz et the antisense transgene is not expressed in the periph-
eral T cells of GR-TKO mice (King et al., 1995), peripheralal., 1990). In contrast, Sidman et al. (1992) introduced
the same transgenic TCR into BALB/c (H-2Dd)±lpr/lpr T cells from these mice were as sensitive to glucocorti-
coid-mediated apoptosis as MRL-lpr/lpr controls (datamice but found no change in the development of dis-
ease. The reason for the discrepancy between these not shown).
To demonstrate that indeed there was a bias in theresults is not clear, but it may reflect a difference in the
mouse strains used, since MRL mice but not BALB/c repertoire of lpr.TKO mice, we took advantage of the fact
that certain Vb-bearing T cells are positively selected bymice are prone to autoimmunity.
Other studies support the importance of TCR reper- particular MHC class I or class II molecules in the thy-
mus, apparently independently of any other non-MHCtoire in the lpr phenotype. The introduction of a trans-
genic TCR b chain alone into MRL-lpr/lpr mice, which genes (Tomonari et al., 1993). The H-2k haplotype has
increased numbers of CD81 cells expressing Vb2, Vb6,paired with rearranged endogenous TCR a chains, re-
sulted in lower autoantibody titers, reduced lymphade- and Vb14 (Liao et al., 1989; Tomonari, 1992; Tomonari
and Fairchild, 1992) and increased numbers of CD41nopathy, and prolonged survival compared to non-
transgenic controls (Perkins et al., 1996). In the most cells expressing Vb4 and Vb10 (Tomonari et al., 1993;
Tomonari et al., 1992). Although some investigators haveclear-cut study dealing with the effect of ªrestrictingº
the antigen-specific repertoire on lpr disease, lpr mice reported that CD41Vb61 cells can be positively selected
by MHC class II molecules (MacDonald et al., 1988;in which TCR a and TCR b genes had been eliminated
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blood was used for staining of TCRVb, antibodies were added di-Benoist and Mathis, 1989; Bill and Palmer, 1989), posi-
rectly to 30 ml of tail blood and incubated for 30 min with anti-CD4,tive selection of this population has not been observed
anti-CD8, and the appropriate anti-Vb monoclonal antibodies. Redin MRL non-lpr or MRL-lpr/lpr mice, whereas it was
blood cells were lysed for 5 min with FACS Lysing Solution (Becton
found for CD81Vb61 cells (Herron et al., 1993). Although Dickinson) and washed before cychrome-conjugated biotin was
the mechanism of Vb-specific positive selection is un- added. At least 2 3 104 cells were analyzed per sample.
known, it is thought to be the result of intrinsic avidity
between the TCR and MHC-encoded molecules, inde- Mitogenic Stimulation and Allogeneic Mixed
pendent of contributions by endogenous peptide (We- Lymphocyte Reaction
Fresh lymph node cells were treated with goat anti-mouse immuno-ber et al., 1992). This would result in enrichment of T
globulin G (IgG)±coupled magnetic beads (PerSeptive Biosystems,cells with relatively high avidity for self MHC. We have
Framingham, MA) and separated for enrichment of T cells. The cellsused transgenic mice expressing a TCR ab specific for
obtained by this procedure were 85%±95% CD31. Spleen cells were
the H-Y male antigen in the context of H-2Db to study lysed and irradiated (2000 rad) for the preparation of antigen-pre-
the role of glucocorticoids in positive selection (Vacchio senting cells (APC). For mitogenic stimulation, T cells were cultured
and Ashwell, 1997). Inhibition of corticosteroid produc- in RPMI-1640 (Biofluids) supplemented with 4 mM glutamine, 5 3
1025 M b-mercaptoethanol, 100 U/ml penicillin, 150 mg/ml gentami-tion in thymic organ culture caused apoptosis and dele-
cin, and 10% heat-inactivated FCS. When indicated, ConA (Sandoz)tion of female thymocytes from H-2b (undergoing posi-
at 2.5 mg/ml or PMA (Sigma) at 10 ng/ml and ionomycin (Sigma) attive selection) but not H-2d (nonselecting) mice. The
1 mg/ml were added to the wells. Soluble anti-CD3 (2C11) at different
observation that in lpr.TKO mice those T cells that are concentrations was added in the presence of syngeneic APC. Mito-
normally positively selected on H-2k were reduced to gen- oranti-CD3±stimulated plateswere pulsed with 1 mCi [3H]thymi-
the percentages found in nonselecting haplotypes is dine after 2 days in culture and harvested 18 hr later. For allogeneic
mixed lymphocyte reaction assays, APCs prepared as indicatedconsistent with this result, indicating that in the absence
above from H-2d mice were added to the wells at graded concentra-of a normal response to glucocorticoids the binding
tions and were pulsed on days 3 or 4 and harvested 18 hr later.of TCRs that would normally cause positive selection 3[H]Thymidine incorporation was determined on a scintillation
instead result in deletion. It is an intriguing possibility counter (Beckman, Palo Alto, CA).
that aberrant regulation of glucocorticoid production in
the thymus or thymocyte responsiveness to glucocorti- Assessment of Activation-Induced Cell Death
coids might play a role in some forms of autoimmune T cell blasts were prepared by culturing lymph node cells in the
disease. presence of 10 ng/ml PMA and 1 mg/ml ionomycin for 2 days. Acti-
vated cells were plated at 106 cells/ml in 24-well plates in the pres-
ence or absence of bound anti-CD3 antibody (2C11) in culture me-
Experimental Procedures dium containing 10 U/ml IL-2 and incubated for 16 hr. Cells were
harvested, washed in phosphate-buffered saline, and stained with
Mice annexin V±FITC (Trevigen, Gaithersburg, MD) and propidium iodide
The mice used for these studies are transgenic for an antisense GR according to the manufacturer's instructions, and analyzed by flow
(King et al., 1995). The original transgenic mice were backcrossed cytometry.
onto the MRL-lpr/lpr background (Jackson Laboratory, Bar Harbor,
ME) for six generations and then intercrossed to produce homozy- Enzyme-Linked Immunosorbent Assay for Detection
gous MRL-lpr/lpr TKO1/1 (lpr.TKO). The presence of the transgene of Autoantibody Titers
was monitored by in situ hybridization fluorescence of peripheral dsDNA autoantibodies were assessed by enzyme-linked immuno-
blood cells (Tucker et al., 1994; Swiger, 1995) and the expression sorbent assay (ELISA) as described (Isenberg et al., 1987). In brief,
of Fas by flow cytometry. Transgenic littermates that were negative 96-well ELISA plates were coated with poly-L-lysine followed by
for the antisense transgene were also intercrossed and used as lpr S1 nuclease-treated DNA. After blocking with 5% FCS, serum was
controls. B10.D2 mice and MRL1/1 (non-lpr) mice were also pur- plated at graded concentrations and incubated for 3 hr at room
chased from Jackson Laboratory. temperature. Bound immunoglobulins were detected by incubating
the wells with HRPT-goat anti-mouse IgG (Cappel, West Chester,
PA), followed by the appropriate substrate (ABTS, Kirkegaard andFlow Cytometry Analysis
Perry Laboratories, Gaithersburg, MD). Rheumatoid factor was as-The following antibodies were used: anti-CD4 (clone GK1.5, phy-
sessed by ELISA using a mouse total rheumatoid factor kit fromcoerythrin [PE]-labeled), anti-CD8a (clone 53-6.7, biotinylated or
Alpha Diagnostic International (San Antonio, TX) and following thefluorescein isothiocyanate [FITC]±labeled), anti-CD45R/B220 (clone
manufacturer's instructions. The relative index of rheumatoid factorRA3-6B2, PE-labeled), anti-CD95 (clone Jo2, PE-labeled), anti-Thy-
is defined as1.2 (clone 30-H12, biotinylated or FITC-labeled), anti-pan TCRVb
(clone H57, FITC-labeled), anti-TCRVb2 (clone B20.6, FITC-labeled),
anti-TCRVb4 (clone KT4, FITC-labeled), anti-TCRVb5.1,5.2 (clone ODexp. 2 ODbackground
ODpos control 2 ODbackground
3 100
MR9-4, FITC-labeled), anti-TCRVb6 (clone RR4-7, FITC-labeled),
anti-TCRVb10b (clone B21.5, FITC-labeled), and anti-TCRVb14
where exp indicates the experimental serum sample; background(clone 14-2, FITC-labeled). The anti-CD3 hybridoma (145-2C11 or
is determined with the same sample in uncoated wells; and the2C11) (Leo et al., 1987) was maintained in our laboratory and purified
positive (pos) control is a serum provided by the manufacturer. Thefrom culture supernatant. All fluorochrome-labeled reagents were
value for control negative sera (15±18 in multiple experiments) waspurchased from Pharmingen. Single-cell suspensions were pre-
subtracted from the obtained value.pared from lymph nodes and washed in staining buffer (phosphate-
buffered saline containing 2.5% fetal calf serum (FCS) and 0.02%
sodium azide). Monoclonal antibody, 10 ml at the right dilution, was Kidney Pathology
Kidneys from 8- to 10-week-old animals were harvested in Bouin'sadded to 0.5±1 3 106 cells per tube. Cells were incubated for 30
min at 48C, washed once in staining buffer, and then incubated fixative. After 24 hr, the fixed kidneys were washed in water and
stored in 70% alcohol until use. Cryostat sections were analyzedwhen necessary with 10 ml of PE- or cychrome-conjugated biotin
for 15 min at 48C. The cells were washed once and then resuspended under light microscopy after hematoxylin±eosin staining, and renal
disease was assessed by a pathologist (SAIC, Frederick, MD) in ain staining buffer before analysis by flow cytometry on a FACScan
instrument (Becton Dickinson, Mountain View, CA). When whole double-blinded fashion.
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Statistical Analysis Hogquist, K.A., Jameson, S.C., and Bevan, M.J. (1995). Strong ago-
nist ligands for the T cell receptor do not mediate positive selectionStatistical significance in the accumulation of DN T cells, production
of functional CD81 T cells. Immunity 3, 79±86.of autoantibodies, and percentages of specific Vb in lpr.TKO mice
compared to lpr mice was analyzed by the Student t test. Analysis Isenberg, D.A., Dudeney, C., Williams, W., Addison, I., Charles, S.,
were carried out using Statview II software on a Macintosh com- Clarke, J., and Todd-Pokropek, A. (1987). Measurement of anti-DNA
puter. antibodies: a reappraisal using five different methods. Ann. Rheum.
Dis. 46, 448±456.
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